Charge dynamics effects in conductance through a large semi-open quantum dot 
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Fano lineshapes in resonant transmission in a quantum dot imply interference between localized 
and extended states. The influence of the charge accumulated at the localized levels, which screens 
the external gate voltage acting on the conduction channel is investigated. The modified Fano q 
parameter and the resonant conduction is derived starting from a microscopic Hamiltonian. The 
latest experiments on "charge sensing" and "Coulomb modifled Fano sensing " compare well with 
the results of the present model. 
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I. INTRODUCTION 

Conductance peaks and Coulomb Blockade (CB) val- 
leys mark the charge transport across a small quantum 
dot (QD), weakly coupled to the contacts, when the gate 
voltage Vg is varied. However, in a large QD the multi- 
level structure cannot be ignored. The dot may display 
a "core" level structure including levels e-y which are lo- 
calized at different places of the dot area. Hence, they 
may not hybridize among themselves, nor directly with 
the contact leads, but they may be weakly coupled to 
one or more conduction channels. The latter could be 
of "edge" type and extend from the left (L) to the right 
(R) contact. The existence of such an edge and core level 
structure in large QDs has been proven experimentally 
by Single Electron Capacitance Spectroscopy^. In linear 
transport measurements, the coupling of localized and 
delocalized states, called "bouncing states" in^., has been 
invoked to justify the asymmetry of the CB peaks. 

On the other hand, Fano resonances are ubiquitous in 
the conductance of nanodevices. They arise when local- 
ized levels are embedded in a continuum of single particle 
extended states which contribute to transport^. Linear 
conductance on a semi-open QD displays many transmis- 
sion peaks with the characteristic Fano shape, each time 
a core level crosses the chemical potential 

In a previous paper— we have shown that a Fano-like 
pattern also appears when the continuum of conduction 
states at /i originates from electron correlations, as is 
the case of a broad Kondo resonancai, due to a strongly 
hybridized level eo, lying deeply below /i. A bunch of 
localized core levels e^, weakly coupled to the eo level, 
imprints the broad Kondo peak with Fano lineshapes. 
The Kondo conductance tends to freeze the charge sit- 
ting on the eo level, in competition with the Fano mech- 
anism which causes particle number oscillations. Kondo 
correlations stick the charge occupancy of the eo level to 
the value one, and the Fano factor q close to zero. It 
follows that the transmission shows a dip in form of an 
antiresonance. 

In opening the QD further, by increasing the coupling 



to the contacts, tr (r= L,R ), the CB structure is eventu- 
ally washed out. We assume that a single edge channel of 
energy eo is centered at jjL, providing a broad single par- 
ticle resonance peak in the transmission. The electron 
flow across the dot is essentially uncorrelated. Neverthe- 
less, the dynamics of the charge in the core levels does 
influence the resonant tunnelling, as we show in Section 
II of the present work. 

The e^ levels hybridize with the contacts only indi- 
rectly, by weakly coupling to the eo resonance, with a 
hopping matrix element . We also include some on-site 
Coulomb repulsion U at the core sites, which produces a 
lower Hubbard level e^ (with single occupancy) and an 
upper Hubbard level (with double occupancy) e^ -f [/. 

By including the charge piled up in the states within 
the Hartree-Fock (HF) approximation, we find that the 
main features of the Fano landscape are not lost. There 
are two main alterations, however : a) the charge screens 
the gate voltage Vg by acting on the eo level with a ca- 
pacitive interaction and it shifts the resonances; h) the 
presence of the charge modifies the Fano q factor and 
induces a marked asymmetry in the peaks. 

In Section III we elaborate on modeling the experimen- 
tal setup that has been investigated recently by Johnson 
et alJ . The conductance measured through a quantum 
point contact (QPC) "senses" the addition of charge to a 
QD, which is capacitively coupled, parallel to the QPC. 
We show that our model applies with small modifications. 
In this case the edge channel is not internal to the dot but 
it describes the QPC conductance, while the e^ levels lo- 
calized within the dot are fed with charge by an external 
reservoir. We neglect U which implies only minor mod- 
ification when the static screening approximation holds, 
but wc include a small hybridization t-y of the core states 
to the current carrying QPC state. This allows us to 
monitor the full range from bare capacitive coupling or 
"charge sensing " (CS), to Fano resonant tunneling. 

An increasing gate voltage applied to the dot shifts the 
discrete structure of energy levels across fi and the core 
levels are gradually filled by electrons. The charge ac- 
cumulated in the core levels capacitatively modifies the 
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gate voltage acting on the conducting channel. In the 
"charge sensing " case, sudden jumps appear in the con- 
ductance, monitoring the discreteness of the charge ac- 
cumulation process. Additionally, when t-y ^ 0, a set of 
Fano resonances emerges in the conductance across the 
dot as a result of quantum interference. We show that 
the shape of Fano resonances is markedly affected by the 
charge trapping within the core levels as found in the 
experimenlii. 



The edge QD state of energy eg is hybridized with elec- 
trodes. The matrix element tr, {r =L, R) has a given 
dependence on the gate voltage Vg, very much like what 
happens in a QPC, which opens up when the gate volt- 
age increases^i. The capacitive coupling is described by a 
cross-interaction U' between the edge and the core states 



II. MODEL HAMILTONIAN OF THE 
QUANTUM DOT AND CALCULATIONS 



The Hamiltonian of the system under consideration is 
composed of parts describing the edge state of the dot. 
Hedge, the core QD levels, Hcore and the electrodes HeV- 



(1) 



[n^a ~ djy^dy^ is the occupation number on the core 
state I 7(7) ). 

The retarded Green function for the edge state is ob- 
tained by the Equation of Motion Method (EOM) with 
an additional HF decoupling of the capacitive interaction: 



H — Hedge + Hcore + Hd , 
Hedge = ^0 " + (t^'/2) ^ + I] (K,) [cL^O- + h.c], 

Hcore = X! ('^T ~ ^s) d\ad-fa + ^Un^^n^i + ^ t^lci'l^^a^ + h.c], 

7(7 7 70" 

ka.r—L^R 



Go,. iLu,Vg; (n^s)) = Uo\[uJ - Hcdge{Vg; |0) - 

I 7 

I 



ijJ - £7.(7 -I- Vn 



(2) 



The first term on the r.h.s. is an average on the ground 
state of the system |0) (zero temperature is assumed). 
It includes hybridization with the contact leads. The 
occupancy of the core levels is selfconsistently determined 
from (ricr) = (— I/tt) J 3mG'-y,o-('^)c'w, where the Green 
function of a 7-level with spin cr is given in the Hubbard 
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approximation*: 



U) 



(3) 



Thus, G-y a has finite width 
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\[u:-Hcdge{Vg;{ny-M'^\Q)ty (4) 



due to indirect interaction with electrodes. The bare — 
Vg is also additionally shifted by the real part of the 



r.h.s. in Eq. 01 Charge accumulation in the core states 
themselves shifts the position of these levels with respect 
to the chemical potential even further, but we neglect 
this capacitative modification of their energy location in 
the calculation, since it is inessential, as core levels do 
not participate directly in the transport across the dot. 

The linear conductance (i.e. in zero limit of the drain- 
source voltage) in units of the quantum conductance 
2eV?i, isiS: 



Q = 



r.(e) 



dfje) 
de 



Po,a{i^,Vg;{n^a))de, (5) 



where /(e) is the Fermi distribution function, T^{e) — 
^Laie)'rRa{e)/[^La{e) + ^Ra{e)] IS the hybridization 
of the edge state with the contact leads {Tl= Tj^ 
is further assumed) and the spectral density po,. — 
-(l/7r)3mGo,<T. 
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It is instructive to introduce Fano parameter q defined 

with gate voltage screened by the trapped charge: 

F/^ = K,-(t/72)^K.(F,)), (7) 

Let us consider one single core level for the time being. 
The Vg , Vg'-^ are the bare and screened voltage acting on 
the edge level, but they move the core level as well. In 
crossing /i, the core level is gradually filled with electrons. 
The occupancy of the 7 level is shown in the inset of 
Fig-O foi' various t-y's. In turn, while the occupancy 
of the core level changes, a step appears in the screened 
voltage, resulting from the capacitive coupling between 
the core and the edge state. 

Vg'^ is plotted in Fig. |^ vs the bare Vg. Two such 
kinks appear, corresponding to the single and double oc- 
cupancy of the 7 level. Their energy separation is of the 
order of the Coulomb repulsion U (taken as ?7 = 0.1 eV 
in the calculation). The dependence of the hybridiza- 
tion parameter on the voltage is implemented by mul- 
tiplying the matrix element = 2U by the function 
6l(Vg) = {ea;p[(s- Vg)/(5]-|-l}-\ where (5 (= 0.5) controls 
the sharpness of the kink, and s -0.2 in calculations) 
its position. The kink is smoothed with increasing of the 
hybridization between eo and e-y because the electron 
has an increasing preference to tunnel resonantly through 
eo instead of dwelling on the e-y level^ when eo crosses the 
chemical potential. Here a ~ U' /U is the charge sensi- 
tivity parameter. It can increase to unity when the level 
broadening in QD becomes larger than the level spacing 
and the cross-interaction U' approaches on-site Coulomb 
repulsion U . 

In Fig. ||2J) we plot the corresponding conductance, for 
various a. The filling of the e^ level has a marked effect 
on the shape of the Fano resonances because it modifies 
the Fano q factor (see inset). The non zero value of q 
and its sign are responsible for the asymmetry of the 
Fano dips within the broad conductance peak centered 
at eo ~ 0. 

III. CHARGE AND FANO "SENSING" IN THE 
QPC CONDUCTANCE 

Our model can also be applied straightforwardly to 
describe recent transport measurements through a QPC 
"sensing" the charge piled up in a QD placed at its side 
and capacitively coupled to i^. We show that it is possi- 
ble to continuously move from a "capacitive sensing" to 
a "Fano sensing" by increasing the hybridization of the 
single particle levels e-y of the dot with the conduction 
channel eo of the QPC. 

To match with the experimental setup we use the 
Hamiltonian of Eq. by reinterpreting it as follows: 
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FIG. 1: Gate voltage screened by the filling of the 7 level 
when the latter is moved below /i = 0(a = l). The inset 
shows the selfconsistently calculated total occupancy n-y . The 
straight line is the bare Vg and is drawn for comparison. 
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FIG. 2: Conductance vs Vg for t^, = 0.15 C/ at various charge 
sensitivities a of the filling of the 7-level. In the inset the 
Fano q, Eq. Q, is shown. 



and Hqpc = Hedge + Hei- We have added an additional 
reservoir B, in contact with the dot, with levels cor- 
responding to single particle operators bka- A featureless 
and broad density of states for the reservoir is assumed. 
The dot is supplied with electrons from the bath B due to 
the hopping parameter ts ■ The level eo corresponds now 
to the QPC, having a gate voltage dependent hybridiza- 
tion with the leads. In Figs. we report the results 
for a multilevel dot with 7= 13 discrete levels equally 
spaced by A = 0.2 eV and symmetrically located with 
respect to 11 — for Vg — 0. In this hypothesis we can 
assume that A is the addition energy of the dot, inde- 
pendent of the electron number TV. Thus, we drop the 
interaction term cc U in Hcore and the relevant energy 
scale for charge sensing is now A itself. A static screen- 
ing in the multi-electron system is expected to be quite 
effective, if the dot is large. The screened gate voltage 
acting on the QPC, sensing the charge on the dot, takes 



4 




-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 



[eV] 

FIG. 3: Conductance through the QPC with "charge sens- 
ing" only {t^ =0) for various a parameter and ts/A^O.lS. 
The curve for a=0 without charge sensing is also shown for 
comparison. 
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FIG. 4: Conductance through the QPC with "charge sensing" 
and finite hybridization with the dot {t^= 0.15A) for various 
a parameter. Inset shows corresponding Fano q, the straight 
line is for a=0 and constant coupling to electrodes tr = f™"^ . 

now the same form as Eq. (Q, but with U' replaced 
by the charging energy of the dot A. The a parameter 
now describes the sensitivity of the capacitive coupling 
between the QD and QPC which can be controlled by 
appropriate gates^. Again, the particle number on the 
dot J2-y a "-7,o-(^s) is determined by means of the Friedel 
sum rulei^. It shows the usual steps as in the inset of 
Fig. Q when the gate voltage increases and the dot is 
filled by electrons. For a=l the CS is equal to the charg- 
ing energy, each time an electron hops onto the dot. Fig. 
(O shows the conductance through the QPC when the 
dot is only capacitivcly coupled to it [tj—O), for various 
a's. For a—Q the dot has no effect on the QPC con- 
ductance. The transmission across the QPC displays a 



broad resonance centered at eo = Vg = 0. Its width and 
characteristic asymmetry is governed by the gate voltage 
dependent coupling to the L, R contacts. By increasing 
a, the maximum of the resonance is moved to higher V^'s, 
because of the voltage screening. The conductance peak 
acquires a sawtooth pattern, which grows sharper when 
a increases. The pattern follows the jumps of Vg'^, each 
time a new electron enters the dot. The shape of the 
overall conductance curve is similar to the one seen in 
the experiment (see Fig. (2a) o&). 

In Fig.Q), the conductance is reported for finite hop- 
ping between QD and QPC (t-y=0.15 A), at a =0.0, 0.5, 
1.0. The case a = is the pure Fano case. The maximum 
of the conductance is still centered at w because 
has been chosen to be rather small. The zero of the real 
part of the QPC Green's function Go,o- defines the loca- 
tion of the maximum of the resonance, and the zero of 
the Fano q as well, according to Eq.®. The symmetric 
Fano dip corresponding to q = is centered on top of the 
conductance maximum, because a 7 level sits exactly at 
Vg — Q. When a increases, the condition eo — ^g'~^ ^ ^ 
now marks the location of the conductance maximum, as 
well as the place where g ~ (see the inset of Fig.Q). 
Thus, the conductance envelope moves again to larger 
voltages, together with the Fano-like structures, and the 
conductance peak broadens as in Fig. Q. Appearance 
of sharp peaks for large negative gate voltages is caused 
by rapid decrease of q (see inset) due to the closing of 
QPC, Eq. ©. Our case with a = 1.0 compares well 
with Fig. (2b) of^, displaying Coulomb modified Fano res- 
onances. Both ref.^ and in ref.^^ propose a model con- 
ductance based on the grand canonical average of dot 
configurations, which can be fitted to the experimental 
data. Our calculation shows that the dynamics of the res- 
onant tunnelling together with some minor assumptions 
provide simpler results, in qualitative agreement with the 
experimental data. 

To conclude, we have demonstrated that a Coulomb 
modified Fano resonant tunneling arises from charge 
sensing in structures like a QPC with a dot aside, or in- 
side a large dot where core levels coexist with extended 
edge states and both can be described within the same 
quantum mechanical model with minor modifications. 
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